Investigation of OCP-triggered dissipation of excitation energy in PSI/PSII-less Synechocystis sp. PCC 6803 mutant using non-linear laser fluorimetry  by Kuzminov, F.I. et al.
Biochimica et Biophysica Acta 1817 (2012) 1012–1021
Contents lists available at SciVerse ScienceDirect
Biochimica et Biophysica Acta
j ourna l homepage: www.e lsev ie r .com/ locate /bbabioInvestigation of OCP-triggered dissipation of excitation energy in PSI/PSII-less
Synechocystis sp. PCC 6803 mutant using non-linear laser ﬂuorimetry
F.I. Kuzminov a,⁎, N.V. Karapetyan b, M.G. Rakhimberdieva b, I.V. Elanskaya c, M.Y. Gorbunov d, V.V. Fadeev a
a Faculty of Physics, M.V. Lomonosov Moscow State University, 119991 Moscow, Russia
b A.N. Bakh Institute of Biochemistry, Russian Academy of Sciences, 119071 Moscow, Russia
c M.V. Lomonosov Moscow State University, 119991 Moscow, Russia
d Institute of Marine and Coastal Sciences, Rutgers, the State University of New Jersey, New Brunswick, NJ 08901, USAAbbreviations: APC, allophycocyanin; Chl, chloroph
protein; NLF, non-linear laser ﬂuorimetry; NPQ, non-p
orange carotenoid-binding protein; PSI (PSII), photosy
phycobilisomes; QY, quantum yield
⁎ Corresponding author. Tel.: +7 495 939 1653.
E-mail address: fedor.kouzminov@gmail.com (F.I. Ku
0005-2728/$ – see front matter © 2012 Elsevier B.V. Al
doi:10.1016/j.bbabio.2012.03.022a b s t r a c ta r t i c l e i n f oArticle history:
Received 28 November 2011
Received in revised form 18 March 2012
Accepted 21 March 2012
Available online 29 March 2012
Keywords:
Cyanobacterium
Energy dissipation
Fluorescence quenching
Non-linear laser ﬂuorimetry
Non-photochemical quenching
PhycobilisomeIn order to prevent photodestruction by high light, photosynthetic organisms have evolved a number of
mechanisms, known as non-photochemical quenching (NPQ), that deactivate the excited states of light har-
vesting pigments. Here we investigate the NPQ mechanism in the cyanobacterium Synechocystis sp. PCC
6803 mutant deﬁcient in both photosystems. Using non-linear laser ﬂuorimetry, we have determined mo-
lecular photophysical characteristics of phycocyanin and spectrally distinct forms of allophycocyanin for
the cells in non-quenched and quenched states. Our analysis of non-linear ﬂuorescence characteristics
revealed that NPQ activation leads to an ~2-fold decrease in the relaxation times of both allophycocyanin
ﬂuorescence components, F660 and F680, and a 5-fold decrease in the effective excitation cross-section
of F680, suggesting an emergence of a pathway of energy dissipation for both types of allophycocyanin.
In contrast, NPQ does not affect the rates of singlet–singlet exciton annihilation. This indicates that, upon
NPQ activation, the excess excitation energy is transferred from allophycocyanins to quencher molecules
(presumably 3′hydroxyechinenone in the orange carotenoid protein), rather than being dissipated due to
conformational changes of chromophores within the phycobilisome core. Kinetic measurements of ﬂuores-
cence quenching in the Synechocystis mutant revealed the presence of several stages in NPQ development,
as previously observed in the wild type. However, the lack of photosystems in the mutant enhanced the
magnitude of NPQ as compared to the wild type, and allowed us to better characterize this process. Our results
suggest a more complex kinetics of the NPQ process, thus clarifying a multistep model for the formation of the
quenching center.
© 2012 Elsevier B.V. All rights reserved.1. Introduction
Cyanobacteria are believed to be the ﬁrst photosynthetic organisms
that have evolved oxygenic photosynthesis about 3.5 billion years ago
[1]. High levels of solar radiation and absence of the ozone layer have
led to a selection of a protective mechanism [2], known as non-
photochemical quenching (NPQ), that is activated under high light
conditions. The main light-harvesting pigments in cyanobacteria
are phycobilins organized into phycobilisomes (PBS), unique extra-
membrane pigment–protein structures [3–5]. These phycobiliproteins
transfer the absorbed excitation energy to membrane-localized com-
plexes of photosystems I and II (PSI, PSII), where charge separation andyll; FRP, ﬂuorescence recovery
hotochemical quenching; OCP,
stem I (photosystem II); PBS,
zminov).
l rights reserved.stabilization occur [6,7]. These PBS perform not only light-harvesting
but also photoprotective functions [2,8–11]. The NPQ is induced by
blue-green light and diverts the excitation energy away from PBS, thus
reducing the ﬂux of excess energy to reaction centers and protecting
photosystems against photodestruction [12–14].
The blue-green light induced NPQ in Synechocystis sp. PCC 6803
(hereafter Synechocystis) is triggered and controlled by a water-soluble
orange carotenoid-binding protein (OCP) [15,16] that has been
found in many species of cyanobacteria [17]. The species lacking
the OCP gene [15,17] or OCP-deﬁcient mutants [15] do not exhibit
NPQ. Also, this quenching was not observed in an apcE− mutant
with impaired assembly of the PBS core complex [18] or in an APC-
less mutant [15]. Blue-green illumination activates the carotenoid,
3′hydroxyechinenone, in the OCP and converts the OCP from its
dark stable orange form to an active red form [19]. The active red
form of the OCP presumably attaches to PBS and induces the process
of PBS core ﬂuorescence quenching [19,20]. The latter is evident from
a decrease in the lifetime of phycobiliproteins' excited states that re-
sults in a decline in the quantum yield of photochemical processes in
reaction centers. The blue-green light induced NPQ is reversible in
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ﬂuorescence recovery protein, FRP [22].
A signiﬁcant progress has recently been made in understanding
the essential elements of the NPQ process and their function, yet
the mechanism of phycobiliproteins' excited state quenching re-
mains under discussion [2,9–11,13]. Two possible mechanisms for
OCP-mediated quenching have been proposed [19–21,23–25]: con-
formational changes in PBS caused by OCP binding and direct energy
transfer from PBS chromophores to the OCP carotenoid [20,25]. In
the ﬁrst case, the thermal dissipation of excess absorbed energy
may occur in PBS, whereas in the second case, it occurs in the OCP.
A kinetic model for NPQ quenching center formation in a wild type
of Synechocystis has been proposed [13,26]. It has been shown that
formation of quenching states is a multistep process which involves
at least two stages: light induced activation of the OCP and light inde-
pendent reactions causing conformational changes in the OCP and its
binding to PBS. Molecular mechanisms of NPQ induction, including
the interaction of the OCP with the PBS core and the FRP and the
exact site of quenching, remain largely unknown.
The PBS core contains several forms of allophycocyanin (APC)
with closely overlapping spectral properties that make it difﬁcult to
distinguish their contributions to NPQ. In order to assess these con-
tributions, we used non-linear laser ﬂuorimetry (NLF), which allows
for a determination of molecular photophysical parameters of ﬂuor-
ophores and provides insight into dynamics of excitonic transfer in
the system. The NLF analysis is based on a nonlinear dependence
between the number of ﬂuorescence photons and the excitation
photon ﬂux density at high-pulsed laser intensities [27–29]. These
non-linear dependencies (“saturation curves”) comprise informa-
tion on the processes of ﬂuorophore's excitation, intermolecular re-
laxation of the excited states (both radiative and non-radiative, and
including intercombinational conversion), and the exciton transfer
between ﬂuorophores, thus enabling determination of molecular
photophysical parameters (excitation cross-sections, times of linear
relaxation, singlet–singlet annihilation rates, etc.). Application of
NLF allowed us to determine photophysical parameters of individu-
al PBS pigments (such as phycocyanin and APC) and to follow their
alterations upon induction of NPQ. This information provided in-
sight into the mechanism of deactivation of excited states of PBS
pigments.
Combining NLF and kinetic measurements of ﬂuorescence quench-
ing, we further investigated the process of blue-green light induced
NPQ development. Use of a PSI/PSII-less Synechocystismutant has elim-
inated the inﬂuence of energy transfer from PBS to photosystems and
allowed us more accurate studies of the inﬂuence of NPQ on photophy-
sical parameters in PBS pigments and of stages in the NPQ process as
compared to those for the wild type. Strong NPQ in this mutant has
been reported previously [30]. The PSI/PSII-less mutant is one of the
best in vivo models for studies of the energy transfer within PBS phyco-
biliproteins, even compared with an in vitro reconstituted OCP–PBS
complex [20]. Presence of only PBS molecules in the mutant causes an
~2-fold increase in the magnitude of NPQ (compared to the wild
type) [13,30], which allows for investigation of temperature and light
intensity dependences of various quenching stages that are less pro-
nounced in wild type species.
Elucidating mechanisms of OCP-triggered NPQ requires an under-
standing of how quenched states are formed and how pigment excit-
ed states are deactivated. Many attempts have been recently made to
clarify mechanisms of NPQ in cyanobacteria [13,20,22,25,30], though
peculiarities of underlying molecular processes, especially interaction
of the OCP with PBS, remain poorly understood. In order to determine
the possible quenching site, pathway, and mechanism of excited states
quenching within the PBS, we implemented NLF measurements on the
Synechocystis PSI/PSII-less mutant and have determined NPQ-induced
changes in molecular photophysical parameters of phycocyanin and
spectrally different forms of APC.2. Materials and methods
2.1. Strains and culture conditions
The Synechocystis sp. PSI/PSII-less mutant (ΔpsaAB/ΔpsbDIC/ΔpsbDII)
[31] was grown at 30 °C in liquid BG-11 medium [32] with 10 mM
glucose, 25 μg ml−1 spectinomycin, 20 μg ml−1 erythromycin, and
20 μg ml−1 chloramphenicol added. The mutant was cultivated for
5 days at 5 μmol quanta m−2 s−1. Test experiments veriﬁed that
the presence of the antibiotics in the growth media had no effect
on ﬂuorescence parameters.
2.2. Non-linear laser ﬂuorimetry (NLF)
NLF allows for molecular photophysical parameters of ﬂuorophores
to be retrieved from a non-linear dependence (“saturation curve”) of
the number of ﬂuorescence photons on the excitation photon ﬂux
density. Saturation curves were measured using a custom-built laser
spectrometer with a Q-switched solid-state frequency-doubled Nd3+
YAG laser. The laser emits 25-ns pulses at 532 nm. Pulse energies
were adjusted from near-zero to the maximum value of 10 mJ using a
Pockels cell. The resulting photon ﬂux density (I) of laser radiation in
the sounding volumevaried from4×1023 to 1.5×1025 quanta cm−2 s−1.
Fluorescent spectra in the 600–700 nm range were recorded with an
optical multichannel analyzer (OMA) consisting of a polychromator
and a gated multichannel camera (DeltaTek, Scientiﬁc Park of Moscow
State University).
The inverse problem of NLF relies on ﬁtting the experimental sat-
uration curve with a theoretical model of photophysical processes
that accompany the object's ﬂuorescence response under powerful
pulsed laser radiation [27,28]. Through variations in model parame-
ters, the ﬁtting procedure minimizes residuals between experimental
and theoretical curves. Our model of photophysical processes is de-
scribed below and includes the following parameters: ﬂuorophore
excitation cross-sections (due to both direct absorption and energy
transfer from other pigments), relaxation times of excited states,
and maximal rates of singlet–singlet annihilation.
2.3. Pulse amplitude modulated (PAM) kinetics
Light-induced ﬂuorescence changes in the Synechocystis mutant
were monitored with a PAM-101 ﬂuorimeter (Walz, Germany) as
described in [12]. Cell suspensions were excited with a modulated
red light at 650 nm and ﬂuorescence was detected at wavelengths
above 700 nm. In order to induce NPQ, cells were illuminated with
blue-green light (up to 1500 μE m−2 s−1) provided by a KL-1500 il-
luminator (Schott, Mainz, Germany) equipped with BPF500 (500 nm
wavelength, 35 nm half bandwidth) glass band-pass ﬁlters (Photo-
optic, Russia). Highly resolved time courses of quenching under
brief illumination were measured using a High Power LED-Lamp
HPL-503with control unit HPL-C (Walz, Germany), with which accu-
rate setting of the beginning and the end of irradiation can be made
[30]. The special high power HPL-503 lamp emitting at 503 nm
(27 nm half bandwidth) with maximal intensity 14,000 μE m−2 s−1
was custom-built by Walz to achieve optimal absorption by the OCP.
The PAM setup used in this work allowed us to measure kinetics of
the maximal ﬂuorescence yield of PBS ﬂuorescence on millisecond
and second timescales. These obtained kinetics were further processed
in order to determine rates of ﬂuorescence quenching using the proto-
col described in [13].
2.4. Steady-state spectroscopy
Fluorescence emission spectra were recorded with a Shimadzu RF-
5301PC instrument upon ﬂuorescence excitation at 580 nm. NPQ was
induced using a KL-1500 illuminator as described above.
Fig. 1. Fluorescence emission spectra recorded in dark-adapted cells of the Synechocystis
sp. PCC 6803 PSI/PSII-less mutant at different photon ﬂux densities of laser radiation at
25 °C. (A) A dashed line demonstrates a spectral shift of the ﬂuorescence maximum to a
shorter wavelengthwith an increase in photon ﬂux density. B–D: Gaussian deconvolution
of ﬂuorescence spectra into 3 components (F640, F660, and F680 nm). Original spectra
and Gaussian components are plotted in panels B, C, D.
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3.1. Saturation curves of PBS ﬂuorescence
To determine photophysical parameters of individual PBS pigments,
wemeasuredﬂuorescence emission spectra of the Synechocystismutant
under excitation at 532 nm in a wide range of laser photon ﬂux densi-
ties (I) (Fig. 1). The data showed a striking non-linear dependence of
the number of ﬂuorescence photons on I. The analysis also revealed
a small (by several nm) spectral shift of the ﬂuorescence maximum
with a rise in I (Fig. 1, panel A), which indicates a difference in the
saturation patterns of individual spectral components (Fig. 1, panels
B–D).
At each I, the ﬂuorescence emission spectra were deconvoluted
into 4 Gaussian components (F640, F660, F680, and F715) using a
global ﬁtting approach. The ﬁtting was performed using a custom writ-
ten Matlab script that employs a built-in function “lsqcurveﬁt” to mini-
mize the residual between the experimental data and the ﬁtting
function. The lsqcurveﬁt algorithm is based on the interior-reﬂective
Newton method [33,34]. The peak position and the spectral width
of individual components were assumed to be ﬁxed under variations
in pulsed laser photon ﬂux density. Gaussian components (Fig. 1,
panels B–D) were attributed to different PBS pigments [35]. The
F640 component arises from phycocyanin ﬂuorescence, F660 —
fromAPC-II (α3β3) andAPC-III (α3β3LC) ﬂuorescence, and F680 is attrib-
uted to ﬂuorescence from APC-B (αBα2β3LC) and APC-I (α2β2β18LCM)
[33]. The F715 component, which had a small amplitude and a broad
bandwidth, could be attributed to the tail in the ﬂuorescence band of
different PBS pigments.
In order to quantify changes in ﬂuorescence yields under varia-
tions in laser photon ﬂux density, the number of ﬂuorescence quanta
Nﬂ is normalized to the reference signal Nref that is proportional to the
photon ﬂux density of laser radiation. This ratio (Φ=Nﬂ/Nref) is called
a ﬂuorescence parameter. The dependence of Φ−1 as a function of I is
called a saturation curve [27]. The measured saturation curves for F640,
F660, and F680 nmGaussian components are presented in Fig. 2. At low
light intensities, the number of ﬂuorescence photons is proportional to
I. However, at high values of I (>1020 quanta cm−2 s−1) ﬂuorescence
starts to saturate which leads to a non-linear dependence [28]. Analysis
of this non-linear dependence is the basis for NLF [27]. The saturation
behavior of the ﬂuorescence signal may be caused by several molecular
mechanisms, including singlet–singlet annihilation of excited states,
dynamical depletion of the ground state, and inter-combinational
conversion. Our results revealed that F660 and F680 exhibit a stron-
ger saturation effect than F640 does. This could indicate a difference
in the photophysical parameters of PBS rod (F640) and core (F660
and F680) ﬂuorescent pigments.
In order to investigate the effect of NPQ on photophysical parame-
ters of PBS pigments, we compared characteristics of laser-induced
ﬂuorescence in both dark-adapted and high-light exposed samples.
Steady-state room temperature spectra of Synechocystis excited at
580 nm are presented in Fig. 3. The analysis revealed no changes in
the amplitude of F640 component and an ~2-fold decrease in both
F660 and F680 amplitudes, suggesting a signiﬁcant quenching of com-
ponents attributed to APC. The magnitude of ﬂuorescence quenching
recorded under laser excitation (data not shown) was smaller than
that measured using steady state or variable ﬂuorescence techniques
[12,30], due to non-linear (i.e., saturation) processes under high levels
of laser photon ﬂux densities.
At any I, Φ−1 was higher in NPQ activated samples than in dark-
adapted ones, due to a decrease in the ﬂuorescence yield (Fig. 4,
panels A and B). In order to characterize NPQ-induced variations in
molecular processes responsible for non-linear ﬂuorescence effects,
we further analyzed saturation curves normalized to Φ0=lim I→0
Ф(I) (Fig. 4, panels C and D). The extent of saturation was smaller in
NPQ-activated samples, indicating a stronger change in linear relaxation
Fig. 2. Dependence of the reciprocal saturation factor (Γ=Φ/Φ0) on the photon ﬂux
density of laser radiation (“saturation curves”) for F640, F660, and F680 Gaussian com-
ponents measured in the dark-adapted Synechocystis mutant.
Fig. 4. Dependences of the reciprocal ﬂuorescent parameter (Φ−1=Nref/Nﬂ) on the
photon ﬂux density of laser radiation for F660 (A, C) and F680 (B, D) components mea-
sured in dark-adapted (ﬁlled squares) and NPQ-activated (open squares) samples of the
Synechocystismutant. A, B — original saturation curves; C, D — saturation curves normal-
ized to Φ0 (Γ(I)=Φ/Φ0).
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lation). These results not only demonstrate the NPQ-induced de-
crease in the ﬂuorescent yields of different components of emission
spectra but also suggest alterations in molecular processes involved.3.2. Model for the formation of laser-induced ﬂuorescence response in PBS
Application of NLF for the PSI/PSII-less mutant provides insight into
mechanisms of interaction of quencher molecules with PBS pigments.
As the energy transfer from PBS to Chl-a is absent in the mutant [30],
pathways for decay of phycobilin excited states include non-radiative
decay (with the rate knr), exciton transfer to other pigments (kij), radia-
tive decay (i.e., ﬂuorescence, kﬂ), and thermal dissipation due to NPQ
(kNPQ). Generally, kNPQ is a sum of two rates: the rate of direct energy
transfer from excited states of pigments to quencher molecules and
an additional rate of non-radiation decay attributed to some changes
(for example, conformational) in pigment surroundings upon NPQ
activation.
Changes in the ratio of these parameters alter the ﬂuorescence
quantum yield of individual ﬂuorophores (η=kﬂ/(kﬂ+knr+kij+
kNPQ)) and thus affect the ﬂuorescence emission spectrum. For instance,Fig. 3. Deconvolution of 288 K ﬂuorescence emission spectra of PSI/PSII-less mutant of
Synechocystis sp. PCC 6803 ﬁtted to Gaussian components: (A) dark adapted and (B)
illuminated with blue-green light for NPQ induction (500 nm, 1000 μMquanta m−2 s−1).
Fluorescence emission spectraweremeasuredwith excitation at 580 nm.Only threeﬂuores-
cence bands corresponding to the excitation at 640, 660, and 680 nm, respectively, were
showed while others were removed. The bottom panels showed the residuals between the
measured spectra and the best ﬁt.activation of NPQ decreases the QY of ﬂuorescence (Fig. 3). Thus, PBS
ﬂuorescence spectra contain information about exciton migration be-
tween different pigments and about processes of energy dissipation.
As rates of these processes are difﬁcult to obtain from steady state
spectra, more complicated approaches, e.g., time resolved spectroscopy
or NLF, are used.
The ﬂuorescence spectrum of the PSI/PSII-less mutant could be
deconvoluted into three major Gaussian components: F640, F660,
and F680 with the ﬂuorescence maximums at 640, 660, and 680 nm,
respectively (Fig. 3). Population kinetics of singlet excited states of
F640, F660, and F680 ﬂuorophores can be described by using the
following equations:
dn1=dt ¼ Iσ1 1−n1ð Þ−n1=τ1−γn01n12 ð1Þ
dn2=dt ¼ Iσ2 1−n2ð Þ–n2=τ2−γn02n22 ð2Þ
dn3=dt ¼ Iσ3 1−n3ð Þ–n3=τ3−γn03n32 ð3Þ
where n1–3 are normalized (to concentrations of chromophores n01–03)
concentrations of the excited states; σ1–3— the excitation cross-section
of the appropriate chromophore (it includes both direct absorption by
the chromophore molecule and energy transfer from surrounding
molecules; we assume that it weakly depends on the intensity of
the excitation light in the range of used intensities); τ1–3 — the
time of linear relaxation (it includes all relaxation processes of excited
states, excluding a bimolecular process of singlet–singlet annihilation);
γn01–03 — the maximal rate of singlet–singlet annihilation.
For each component, the total number of ﬂuorescence photons
emitted from the sounding volume is given by the expression:
Nifl ¼ βkifl∫∫∫Vd2rdz∫ni t; r; I t; rð Þ;σ i; τi;γn0ið Þdt ð4Þ
where β is an instrumental factor, kﬂi is the rate of radiative decay of
the excited state of the corresponding chromophore; ni(t,r,I(t,r),σi,τi,
γn0i) is the solution of Eqs. (1)–(3); V is the volume, from which
the ﬂuorescence signal is collected; I(t,r) — temporal (in our case
Gaussian) and spatial (in the cross-section of the beam, also Gaussian)
distributions of the photon ﬂux density.
In order to solve the inverse problem and to determine molecular
parameters σi,τi,γn0i from the saturation curve, we used a two-stage
algorithm [29] and assumed quasi-stationary approximation (dni/
Table 2
Photophysical parameters of different Gaussian components in the ﬂuorescence emission
spectra measured in high-light exposed cells of the PSI/PSII-less mutant of Synechocystis
(evaluated from ﬂuorescence saturation curves).
Gaussian component Ф0, r.u. τ, ps γn0, s−1 σ, cm2
F640 8 470 0.7·1010 7.5·10−16
F660 9 280 1.3·1010 15·10−16
F680 5 320 10·1010 3.6·10−16
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is signiﬁcantly longer than relaxation times, τ1–3.
For the ﬁrst stage we solve the inverse problem for the initial part
of the saturation curve where singlet–singlet annihilation is the dom-
inant saturation mechanism [28]. The solution yields the following
equation for Φ−1(I) [28]:
Φ−1 Ið Þ ¼ Φ0−1 α1 þ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
α2 þ α3AI
p 
ð5Þ
where Φ0 is the unsaturated ﬂuorescence parameter, A=στ2γn0 —
the saturation parameter, αi — calculated numerical coefﬁcients that
depend on the spatial and temporal distributions of the photon ﬂux
density. Thus, for the ﬁrst stage we retrieve two parameters (Φ0
and A) out of four [28].
For the second stage, the whole saturation curve is analyzed for
two other parameters (τ and σ). Basically, τ and σ are retrieved
from the region of high photon ﬂux densities, where the dynamic de-
pletion of ground states becomes more pronounced and competes
with annihilation effects. τ and σ are calculated from the numerical
solution of Eqs. (1)–(3)with pre-determined values ofΦ0 and A. Finally,
γn0 is calculated from the ratio: γn0=A/στ2. The described two-stage
algorithm allows one to convert a 4-parametric inverse problem into a
combination of two 2-parametric problems, which signiﬁcantly en-
hances stability of the solution and precision of determined parameters
[29]. The use of the 4 parametric model for description of pulsed laser
induced ﬂuorescence has been validated and discussed in more detail
in [29].
Our retrieved molecular parameters (σ,τ,γn0) for Gaussian compo-
nents F640, F660, and F680 are presented in Tables 1 and 2. In order
to determine changes in these parameters upon induction of NPQ, we
comparedﬂuorescence characteristics of dark adapted (non-quenched)
and light treated (quenched) samples.
NPQ-induced changes in Φ0 reﬂect changes in the quantum yield
of ﬂuorescence. NPQ decreased the F640 component by only ~25%,
whereas F660 and F680 components decreased 4-fold and 6-fold, re-
spectively. As F660 and F680 components could be attributed mainly
to ﬂuorescence from the PBS core, this result conﬁrms that the PBS
core is the main site of energy quenching, as previously suggested
in [8,15,18,20,21,25].
The excitation cross-section for the F640 component, which could
be attributed to phycocyanin ﬂuorescence, is close to reported maxi-
mal values of the phycocyanin hexamer absorption cross-section of
1.2·10−15 cm2 [36]. Our measured values of σ for APC (F660 and
F680) are determined by both actual absorption by APC and indirect
exciton transfer from other pigments and therefore differ from the
absorption cross section of pure APC. Blue-green light treatment
had no effect on the σ of F640 and F660 components, but caused a
5-fold decrease for the F680 component, which may indicate a de-
crease in the amount of energy transfer to this pigment.
Times of relaxation of the excited states (τ) of F660 and F680 com-
ponents decrease by ~50% upon blue-green light treatment. This
could be attributed to activation of an additional channel of energy
dissipation away from the PBS core. Thus the analysis revealed a
signiﬁcant decrease in times of linear relaxation for excited states
of both F660 and F680 components, suggesting an emergence of
an additional pathway for exciton transfer from the PBS core.Table 1
Photophysical parameters of different Gaussian components in the ﬂuorescence emis-
sion spectra measured in dark-adapted cells of the PSI/PSII-less mutant of Synechocystis
(evaluated from ﬂuorescence saturation curves).
Gaussian component Ф0, r.u. τ, ps γn0, s−1 σ, cm2
F640 11 350 0.9·1010 7·10−16
F660 36 640 1.6·1010 15·10−16
F680 31 690 11·1010 18·10−16Singlet–singlet exciton annihilation in phycobilins was previously
studied on isolated PBS using picosecond laser ﬂuorimetry [37].
The values of γ obtained for C-phycocyanin and APC were 6.3·
10−9 cm3 s−1 and 1.6·10−9 cm3 s−1, respectively. Taking into
account the dimensions of PBS, one can estimate the relative con-
centration of chromophores in PBS as n0 ~1019 cm−3. Our obtained
values of γ (0.9·10−9–11·10−9 cm3 s−1) for phycobilins in vivo
are close to the above values for isolated PBS. Values of γn0 for all
three components were not affected by NPQ, indicating little or no
changes in processes that determine singlet–singlet annihilation, in par-
ticular, no variations in the relative distance between chromophores.
3.3. Kinetics of ﬂuorescence quenching
To further investigate mechanisms of quenching center formation
in the PSI/PSII-less mutant of Synechocystis, we performed kinetic
measurements of ﬂuorescence quenching upon NPQ activation.
Dynamics of ﬂuorescence quenching under exposure to intense
blue-green light and its dark recovery are shown in Fig. 5B. Upon
external illumination, the maximal ﬂuorescence dropped rapidly
(t1/2=20 s) to ca. 15% of its dark level. On the abrupt removal of the il-
lumination, the ﬂuorescent yield recovered slowly (t1/2>1000 s).
Our data revealed the presence of the “dark”, post-illumination
phase of NPQ induction that is observed after a short-term (1–5 s) il-
lumination with a strong actinic light (>1000 μM quanta m−2 s−1)
([30] and Fig. 5). The amplitude of this “dark” phase increased with
an increase in the intensity of external illumination (Fig. 5C). Satura-
tion of this component is achieved at ~12,000 μM quanta m−2 s−1,
thereby the amplitude of NPQ reaches the value of ~30% of its maximum
value recorded under prolonged (>10 s) exposure to strong light (at
30 °C, Fig. 5B).
Therefore, results presented in Fig. 5 indicate that under short
exposure to actinic light, even at ultra-high intensities (>10,000 quan-
ta m−2 s−1) when all the OCP molecules are converted into the redFig. 5. (A): The time course of ﬂuorescence quenching in the PSI/PSII-less mutant of
Synechocystis at different intensities of actinic blue-green light (500 nm), 30 °C. (B): The
long-term time course of ﬂuorescence quenching and recovery under exposure to blue-
green light (500 nm, 1000 μM quanta m−2 s−1) at 30 °C. (C): Amplitude of dark stage of
ﬂuorescence quenching (“dark” NPQ) as a function of ambient blue-green light intensity.
Arrows ↑ and ↓ indicate the switching on and off the actinic light.
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prolonged exposure. This suggests the presence of additional pathways
for red OCP deactivation that compete with its transition to the
quenching state. In order to quantify these two competing processes,
we performed a series of temperature measurements. As rates of
these processes are expected to be temperature dependent, the relative
amplitude of the “dark” phase should also vary with temperature. The
temperature dependence of the “dark” phase of NPQ induction is
shown in Fig. 6. An increase in temperature up to 40 °C resulted in the
rise of the NPQ amplitude to ~60%, which was still smaller than the
maximal amplitude of ﬂuorescence quenching observed under long
term exposure to blue-green light. Maximal rates of NPQ induction
achievable at ultra-high light also increased with temperature (from
0.33 s−1 at 20 °C to 1 s−1 at 40 °C). Thus our data suggests that elevated
temperatures lead to an increase in both the amplitude and the rate of
ﬂuorescence quenching. As two competing processes (OCP deactivation
and OCP transition to the quenching state) determine the amplitude of
NPQ “dark” phase, the increasing magnitude of this phase suggests an
increase in the number of OCP converted to the quenching state. The
latter indicates that the rate of OCP transition to the quenching
state increases more rapidly with the temperature, than the rate of
OCP deactivation.
3.4. Kinetic model of blue-light induced NPQ in PSI/PSII-less mutant
Previous works [13,26] proposed a kinetic model of blue-green
light induced NPQ in the wild strain of Synechocystis. Accordingly,
the system involved in the NPQ process undergoes several transfor-
mations prior to conversion into the quenching state and at least 3
distinct states could be allocated [13]. In the initial, dark-adapted
state (S0), OCP and PBS are uncoupled and the ﬂuorescence is maxi-
mal. Upon illumination, OCP is activated due to rapid conformational
changes in the OCP chromophore, 3′hydroxyechinenone [19], and the
system is converted into an intermediate (also non-quenching) state
(Si). On the next stage, after conformational changes in the protein
and its interaction with the PBS core [23,24], the system transforms
into the quenching state (SNPQ) and the minimum ﬂuorescence level
is attained. The process is reversible in darkness [8,15]. The key role
in the latter process is played by the Fluorescence Recover Protein,
FRP, [22], which presumably binds to the active form of OCP and pro-
motes its deactivation and detachment from PBS. Thus NPQ induction
in cyanobacteria is a multistep process, which involves interaction of
several proteins (OCP, FRP) and molecular complexes (PBS).
Saturation behavior of the “dark” phase of NPQ (Fig. 5) and its
temperature behavior (Fig. 6) could be interpreted in terms of transi-
tions between different states within the framework of the proposed
kinetic model [13]. The data suggests that activated OCP (Si state of
the system) could not only induce ﬂuorescence quenching (SNPQ),Fig. 6. The time courses of ﬂuorescence quenching in the PSI/PSII-less mutant of Synecho-
cystis following a brief (1 s) exposure to intense blue-green light (500 nm, 14000 μM quan-
ta m−2 s−1) at various temperatures. Arrows ↑ and ↓ indicate the switching on and off the
actinic light.but also rapidly deactivate via some mechanism and return to the ini-
tial state (S0):
Light-induced transformations in this model can be described
with the following modiﬁed [13] system of differential equations:
d S0½ =dt ¼−IσQ S0½  þ k21 Si½  þ k31 SNPQ
  ð6Þ
d Si½ =dt ¼ IσQ S0½ –k21 Si½ –k23 Si½  ð7Þ
d SNPQ
 
=dt ¼ k23 Si½ −k31 SNPQ
  ð8Þ
S0½  þ Si½  þ SNPQ
  ¼ 1 ð9Þ
where [S0], [Si], and [SNPQ] are the relative concentrations of S0, Si, and
SNPQ states, respectively. The rate of the light driven transition from S0
to Si is proportional to the product of the photon ﬂux density (I) and
the excitation cross-section (σQ), whereas σQ is the product of the op-
tical absorption cross-section (σopt) of the OCP carotenoid and the
quantum yield for forming the quenching centers. k23 is the rate of
dark transition from Si to SNPQ, k21 is the rate of dark transition from
Si to S0, and k31 is the rate of dark recovery of NPQ.
The maximum ﬂuorescence yield is expressed as:
F ′m ¼ Fm S0½  þ Si½ ð Þ þ FNPQ SNPQ
  ð10Þ
where Fm is the maximal ﬂuorescence yield in a dark-adapted state;
FNPQ is the ﬂuorescence yield in the SNPQ state.
Analytical solutions of the system (6)–(9) in the absence of k21
(Si to S0 transformation rate) were obtained in [13] and could be ex-
tended to the modiﬁed system (6)–(9).
Let us assume that a pulse of saturating light activates all OCP ([Si]=
1 at the end of the pulse) and dark ﬂuorescence recovery is negligibly
slow (k31=0). The kinetics of ﬂuorescence yield following the light
pulse will be expressed as:
F ′m ¼ Fmk23 þ FNPQk23
 
= k23 þ k21ð Þ
þ Fm−FNPQ
 
k23= k23 þ k21ð Þexp − k23 þ k21ð Þtð Þ: ð11Þ
The “dark” phase amplitude will be given by the following ex-
pression:
ANPQ
dark ¼ Fm−F ′m ¼ Fm−FNPQ
 
k23= k23 þ k21ð Þ: ð12Þ
Thus, the ratio k21/k23 could be estimated from the measured (Fm−
FNPQ) (Fig. 5) and ANPQdark (Fig. 6).
In order to evaluate k21 and k23, experimentalﬂuorescence induction
curves (Fig. 6) were ﬁtted with the expression (10). Our determined
values are presented in Table 3. The data demonstrates differences
between these rates and their temperature behavior. The increase
in k23 with temperature is more rapid than that in k21. As the temper-
ature increases from 20 °C to 40 °C, k23 increases ~8 times, while k23
only by ~70%. The ratio of k23/(k23+k21) reﬂects the number of activated
OCPs that participate in the quenching to the total number of activated
OCP molecules. This ratio increases with temperature, resulting in a
greater amplitude of the “dark” quenching phase at elevated tempera-
ture (Fig. 6). Different temperature behaviors of k21 and k23 are evidence
Table 3
The rates of dark transformations from Si to SNPQ (k21) and from Si to S0 (k21).
Rate, s−1/T, °C 20 25 30 35 40
k23 0.07 0.12 0.21 0.38 0.56
k21 0.26 0.29 0.34 0.38 0.43
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S0 transitions.4. Discussion
The ability of photosynthetic organisms to withstand supra-
optimal light is important for photosynthesis. The blue-green light in-
duced NPQ in cyanobacteria is presumably the oldest photoprotective
mechanism evolved in photosynthetic organisms [2]. It requires
photoactivation of the OCP [19] and leads to the emergence of an ef-
ﬁcient pathway of energy dissipation from the PBS core [12].
Our application of the NLF technique has revealed a dramatic NPQ-
induced decrease in the unsaturated ﬂuorescence parameter Ф0 for
both F660 and F680 components (Tables 1 and 2) that may be due
to a decrease in the excitation cross-section and/or the quantum
yield of ﬂuorescence for these ﬂuorophores. Determination of the ex-
citation cross-sections from the saturation curves (Tables 1 and 2)
allowed us to draw a conclusion about the inﬂuence of quenching
center formation on the ﬂuorescence quantum yield. In contrast to
Ф0 F660 and F680, Ф0 for F640 exhibited only a minor decrease
upon NPQ activation. This result is consistent with previous data
[18,19,22,25,30] and conﬁrms that the PBS core is the main site of
NPQ. The NPQ-induced decrease in relaxation times for F660 and
F680 components (Tables 1 and 2) indicates an emergence of an ad-
ditional pathway for deactivation of APC excited states that leads to
a decrease in the ﬂuorescence quantum yield.
Under high intensities of pulsed laser excitation, the process of
singlet–singlet annihilation plays a major role in deactivation of excit-
ed states of chromophores. When two chromophores in the excited
state are within the range of interaction (R0), the energy from one
of them may be transferred to another, causing the transition of the
latter to higher energy levels (here R0 is the distance between the
chromophores, at which a 2-fold increase in the rate of excited state
relaxation is observed due to energy transfer between chromophores
[38]). As a result, the donor chromophore returns to the ground state
(SG) and the acceptor rapidly (10−13–10−12 s−1) returns to S1 or SG
state. Thus, the interaction between two singlet excitons results in
the loss (i.e., annihilation) of one or both of them, via ultra-fast ther-
mal dissipation. The singlet–singlet annihilation is a process of reso-
nance energy transfer, which depends on the dipole orientation, the
value of the overlapping integral (i.e. the spectral overlap between
the donor ﬂuorescence band and the acceptor absorption band), and
the distance between chromophores (as~R6) [38]. Therefore, any
changes in the relative position of the chromophores would strongly
affect rates of singlet–singlet annihilation.
Our data on singlet–singlet annihilation rates in PSB in vivo suggest
the absence of any signiﬁcant conformational changes in the PBS struc-
ture upon NPQ induction. Our analysis of non-linear ﬂuorescence prop-
erties revealed that NPQ-induced conformational changes in the PBS
structure, if any occur, have insigniﬁcant impact on the process of
excess energy quenching. This result supports the hypothesis [22]
that the OCP itself might serve as a quencher. Recently it was shown
that the S1 state of 3′hydroxyechinenone lies at about 14700 cm−1
(i.e., corresponds to the wavelength of 680 nm) [Polivka — personal
communication] and overlaps closely with the energy level of the
excited state of APC. Thus, there is evidence that the NPQ-induced
decrease in PBS ﬂuorescence is mainly due to a direct energy trans-
fer from APC to the quencher molecules.The analysis revealed that the excited states of both shorter and
longer APCs are being quenched upon NPQ activation. The exact site
of quenching remains a subject of controversy. The observed dramatic
(6-fold) decrease in the unsaturated parameter (Ф0) for F680 compo-
nent is due to decreases in both the time of relaxation (and thus ﬂuo-
rescence QY) and the excitation cross section. The decline inФ0 value
for F660 is mainly attributed to a decrease in the time of linear relax-
ation (and thus ﬂuorescence QY), while the excitation cross-section
remains unaltered. Such behavior in times of relaxation and excita-
tion cross-sections of F660 and F680 is evidence that excited states
of both ﬂuorophores are quenched.
There are three possibilities for the site of quenching: only F680,
only F660, or both F660 and F680. If the excess excitation is trans-
ferred to the quencher only from F680, than this pathway of energy
dissipation would lead to a decrease in the time of linear relaxation
and the ﬂuorescence QY of F680. This will in turn lead to a decrease
in the number of excited states and Φ0 of F680. As the excitation
cross-section of F660 is determined also by excitation transfer from
F640 and F680, the F680 quenching would lead to a minor decrease
in the excitation cross-section, the number of excited states, Φ0, and
the time of linear relaxation of F660. If the excess energy is trans-
ferred only from F660 component, then by analogy with the previous
case we would observe signiﬁcant changes in the time of linear relax-
ation, the ﬂuorescence QY, and Φ0 of F660 component. The excitation
cross-section of F680 is greatly dependent on the exciton transfer
from the F660 component, thus in the case of decreased energy
ﬂow from F660 to F680, we would observe signiﬁcant changes in
values of excitation cross-sections and Φ0 of F680. Times of linear re-
laxation are not expected to exhibit signiﬁcant changes in this case.
Our results show a signiﬁcant decrease in values of linear relaxation
times and Φ0 for both F660 and F680 components, and the cross-
section for F680. Taking into account that Φ0 for F680 exhibits a
more signiﬁcant decrease than F660, we could conclude that none
of these two possibilities described above (quenching from either
F660 or F680) ﬁt the obtained results. These results can be explained
if we assume that both F660 and F680 are quenched. Previously it was
reported [25,39] that APC660 is likely to be the site of blue-green light
NPQ. Our results are not contradictory with these data. Time resolved
spectroscopy [25] was performed on the wild type cells, where
APC680 and Chl emission bands closely overlap. In addition to rapid
energy transfer from APC680 to Chl molecules, this makes it trickling
to observe existence of a pathway of exciton transfer from APC680.
Experiments on isolated PBS [39] demonstrated that none of the
long wavelength APC is essential for OCP-triggered NPQ. This data is
also not contradictory, since the binding place of OCP might be such
that it provides effective quenching of both APC forms. Thus, when
the long wavelength APC is not present, the quenching process is
not affected.
Ф0 is proportional to excitation cross-section and the ﬂuorescence
QY of a ﬂuorophore. Assuming that the ﬂuorescence QY (η) is a prod-
uct of kﬂ τ, it is possible to estimate changes in the rate of radiative
decay (kﬂ) from changes in Ф0, σ, and τ. For F660 and F680 compo-
nents, the ratio of radiative decay constants in the unquenched and
quenched states (kﬂ/kﬂNPQ) is 1.6±0.5 and 0.6±0.2, respectively.
These results suggest that there additionally might be changes in
the rate of radiative decay upon NPQ induction. Though, this cannot
be asserted within the precision of the experiment and further re-
search is required in order to better characterize possible effects of
quenching state formation on kﬂ. Our results suggest a direct exciton
transfer from both F660 and F680 to the quencher molecule, though
the contributions of these two APC forms to the process of excess en-
ergy dissipation remain to be elucidated.
Previous studies on wild type cyanobacteria revealed peculiarities
in the NPQ process [13], including saturation of the quenching rate
under ultra-bright actinic illumination and the presence of “dark”
phase of NPQ, and suggested a multistep model of in vivo quenching
Exciton 
transfer to 
OCP
αBα2β3LC
α2β2β18LCM
α3β3
α3β3LC
Fig. 7. Schematic representation of the phycobilisome core and the possible binding
site of C-terminal domain of the OCP that is structurally similar to the 7.8 kDa core linker
protein (LC) [19]. Arrows indicate the pathway of energy dissipation fromPBS toOCP upon
NPQ induction. α,β — APC monomer subunits (polypeptides) each containing one chro-
mophore. LC— core linker involved in assembling of PBS core. LCM— polypeptide involved
in attachment of PBS to the thylakoid membrane [3].
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duction of a three-state kinetic model with initial (S0), intermediate
(Si), and quenching states (SNPQ). Our studies on PSI/PSII-less mutant
revealed similar dynamics of quenching state formation, yet some
unreported phenomena were observed. Saturating behavior of the
“dark” phase amplitude (Fig. 6) under intense blue-green illumina-
tion and its relatively low value (30% from the initial, dark-adapted
level at 30 °C) compared to the maximal amplitude of NPQ (85%
from the initial level) suggest the presence of an additional relaxation
pathway of the Si state (directly or via some intermediates). The ob-
served effect requires further development of the kinetic model of
quenching state formation.k21
PBS core OCP orange fo
Fig. 8.Multistep model of NPQ induction and recovery in PSI/PSII-less mutant of Synechocyst
(1) In darkness the OCP is in the orange form and is not attached or weakly coupled to PBS; (
(3) conformational changes in the red form OCP and its attachment to the PBS core result in f
(rather than attaching to PBS) and return to the orange form thus not participating in the q
cocyanin rods; inclined arrows — energy outﬂow from APC (heat or ﬂuorescence); a horizon
OCP.In order to satisfy these experimental results, we introduced k21 as
the rate of Si to S0 transition (Eqs. (6)–(9)). Activated by blue-green
light, the OCP could either attach to PBS and form the quenching
state or alternatively return to its inactive orange form with k21 rate,
thus not participating in the quenching process. This rate includes the
processes of deactivation of the OCP molecule and its return to the
initial state on sub second and second timescales. Its value is weakly
temperature dependent over the range of physiological tempera-
tures (Table 3). Thus, modiﬁcation of the kinetic models (6)–(9)
allowed us to separate impacts of Si state relaxation to quenching
state and deactivation of Si with its subsequent return to the initial
state.
The temperature dependence of the “dark” phase of the quenching
process for the PSI/PSII-less mutant revealed differences in the tem-
perature behavior of k21 and k23 rates (Table 3). The process of inter-
mediate (Si) to quenching (SNPQ) state transformation competes with
the process of Si to S0 conversion. Rates of the two processes are dif-
ferent, implying the involvement of different molecular mechanisms.
While relaxation to the quenching state is due to attachment of the
OCP to PBS [13,19], the back reactions of the activated OCP to its ini-
tial state includes two processes. The ﬁrst process involves interaction
of the activated OCP with the FRP [22], which excludes a portion of
the OCP molecules from participating in the quenching process. The
other process is deactivation of the red OCP to its orange form [19].
The rate k21, therefore, reﬂects these two processes, while k23 deter-
mines the rate of OCP coupling to PBS as in [13].
The model for the OCP-triggered NPQ induction process is pre-
sented in Fig. 8. Under blue-green light the OCP molecule (detached
from PBS) is activated. The active OCP could either bind to PBS, form-
ing the quenching state or return to its initial (inactive) state, possibly
interacting with the FRP. While the OCP remains attached to PBS, the
excess energy is effectively quenched from both APC forms. This is
possible if the quencher (OCP) binds to APC core in the region where
both longer wavelength and shorter wavelength APCs are able to in-
teract with the OCP (Fig. 7). As actinic light is off, the OCP moleculek23
k31
rm OCP red form FRP
is sp. For simplicity, only PBS core (without phycocyanin rods) is shown on the diagram.
2) actinic blue-green light converts the OCP into the red form, yet no quenching occurs;
ormation of the quenching state; (4) the red (active) form of OCP may interact with FRP
uenching process. Vertical arrows show the ﬂux of absorbed energy to APC from phy-
tal arrow in the right part of panel — a competing pathway of energy dissipation to the
1020 F.I. Kuzminov et al. / Biochimica et Biophysica Acta 1817 (2012) 1012–1021detaches from PBS and returns to its initial state. The latter process
is enhanced by the presence of FRP molecules [22] and presumably
requires attachment of the FRP to the active OCP, while the latter
is coupled to the PBS core. Thus, the blue-green light induced NPQ
is a reversible molecular process that requires interaction of several
proteins and molecular complexes for effective energy quenching
under supra-optimal light conditions.
List of symbols
F640, F660, F680, F715 Gaussian components of ﬂuorescence bands
peaked at 640, 660, 680, and 715 nm, respectively;
Nﬂ number of ﬂuorescence photons;
Nref number of photons in the reference channel (proportional
to the number of excitation photons);
I photon ﬂux density;
Ф ﬂuorescence parameter (=Nﬂ/Nref);
Ф0 unsaturated ﬂuorescence parameter (=lim I→0 Ф(I));
Г ﬂuorescence saturation factor (=Ф0/Ф);
knr rate of non-radiative decay;
kﬂ rate of radiative decay;
kij rate of exciton transfer between i and j ﬂuorophores;
kNPQ rate of energy dissipation due to NPQ process;
n1–3 concentrations of the excited states of the F640, F660, and
F680 ﬂuorophores, respectively;
σ1–3 excitation cross-sections of the F640, F660, and F680 ﬂuor-
ophores, respectively;
τ1–3 time constants for linear relaxation of the F640, F660, and
F680 ﬂuorophores, respectively;
γn01–03 maximal rates of singlet–singlet annihilation of the F640,
F660, and F680 ﬂuorophores, respectively;
A saturation parameter;
[S0], [Si], [SNPQ] relative concentrations of initial (S0), intermediate
(Si), and quenching (SNPQ) states in the NPQ kinetic cycle;
σQ excitation cross-section of OCP;
k23 the rate of dark transition from Si to SNPQ;
k21 the rate of dark transition from Si to S0;
k31 the rate of dark recovery of NPQ.
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